In order to investigate a single vacuum bubble collapse near the free surface and the rigid boundary, the moving particle simulation (MPS) method has been used. Liquid and gas phase were defined by the moving particles and bobble shape was determined by the position of interface particle. The calculation was performed with four parameters; bubble radius, distances from free surface or rigid boundary to and viscosity of the liquid, to estimate the effect of these parameters on the bubble dynamics. The results showed that the bubble collapse time near the free surface is shortened, while the one with near the rigid boundary become prolonged. These four parameters significantly affect to the bubble interface velocity. To evaluate the accuracy of this model, the results are compared with the theoretical model and experimental results. A good agreement between present model and other results were obtained and validity of the present model to the vacuum bubble dynamics was confirmed.
Introduction
Cavitation bubbles developed near the rigid boundary is one of the important topics in the field of the bubble dynamics because the high pressure and the velocity caused by a bubble gives a serious damage to the material surface. 1, 2) On the other hand, some researchers have tried to use the cavitation effect for the material surface processing. 3, 4) The impact of a collapsing cavitation bubble can give a compressive residual stress at the material surfaces. As a result materials properties such as fatigue strength, abrasion resistance are improved. Typically the bubble collapse in infinite water is spherical and can be described by RayleighPreset equation. 5) However the bubble collapse near the boundary is asymmetric and a liquid jet has been observed in some conditions.
1) The characteristics of the collapse depend on physical properties of the boundary. In the case of bubble collapse near the rigid boundary, the collapse times are prolonged and the liquid jet directed to the boundary. On the contrary, in the case of collapse near the free surface the collapse times are shortened and the liquid jet directed away from the boundary. 6) Cavitation bubble dynamics were investigated using an experimental facility such as laserinduced and spark-generated bubbles as well as acoustically generated cavitation bubbles. 2, 7) Besides, many kinds of numerical methods have been performed to simulate a bubble dynamics. 8, 9) However the large deformation of the bubble shape during the collapse made it difficult to simulate the cavitation phenomena using a traditional mesh-methods such as the finite differential method (FDM), the finite element method (FEM) and finite volume method (FVM). Because the calculation mesh near the bubble must be released and reset in accordance with the bubble interface movement.
To overcome the problem new type of calculation methods have started to be used, for example the VOF method, 10) level set methods, 11) and particle methods. Particle methods is developed to simulate a fluid dynamics, and also used for a structural analysis. Moving particle semi-implicit (MPS) method is a one of the particle method for an incompressible free flow, which is developed by Koshizuka and Oka 12) based on the smoothed particle hydrodynamics (SPH) method. The MPS method can easily deal with the problem with complicated geometries. 13, 14) In the present study the MPS method has been adopted to simulate the dynamics of a single cavitation vacuum bubble in water near the free surface and the rigid boundary. A liquid phase and an air phase were defined as moving particles, while inside of the bubble was set to as a vacuum without interfacial heat transfer. To evaluate the accuracy of the model solving the dynamics of bubbles, the results were compared with the theoretical model and experimental results. The bubble interface velocity during the collapse was also measured, to estimate the high pressure caused by the bubble collapse.
Theory
The single spherical bubble collapse in infinite water is approximately deduced by Rayleigh equation. 5) Under a condition of incompressible and a zero viscosity liquid as well as a constant pressure for liquids and inside of bubbles during the collapse, the Rayleigh collapse time can be described as
where μ and p 0 are liquid density and pressure, R max is a max radius of the bubble. Although for the collapse near the rigid boundary or the free surface, eq. (1) is not effective, because the collapse time of the bubble is prolonged or shortened. When the bubble collapses near the rigid boundary, the collapse time of the bubble become prolonged. Rattery proposed the prolongation factor » p based on a perturbation theory of Rayleigh model, as follows, 15 )
here T CR is the collapse time of a bubble near the rigid boundary, £ R = l/R max is the ratio between R max and a distance between the center of the bubble and a boundary l. 
where T CF is a bubble collapse time near the free surface, £ F = l/R max is a ratio between R max and a distance between the center of the bubble and free surface l.
MPS Method
The continuity and Navier-Stokes equation for an incompressible flow with viscous fluid are presented as
where u is a velocity field of fluid, p is pressure, ® is viscosity, · is surface tension constant and ¬ is curvature of the surface. To discretize the governing equation, a particle interaction model of the MPS method is applied to a differential operator in the equation. In the model, a particle interact with finite number of particles because all the interaction is limited to distance r e , the weight of interaction between two particles is as follows,
Then the normalization factor is defined by
The gradient vector and the Laplacian operator between two particles is defined by
½jr j À r i j 2 wðjr j À r i jÞ
Calculation Condition
In the present study, bubble cavitation analysis is consists of five case studies. Cases 13 were conducted to check the accuracy and applicability of this model. After that, the bubble dynamics near the free surface and the rigid boundary was analyzed in cases 4 and 5. All the calculation is carried out in 2D and started at the time bubble reach to its maximum volume. In case 1 the single bubble collapse in infinite water was simulated. Figure 1(a) shows the calculation domain and the initial bubble condition for this case. The ratio of both lateral boundary and up and down boundary to the bubble maximum size is kept to be larger than 10 to get rid of the effect of the wall to the bubble dynamics. Initial bubble radii R max used in this case are 0.75, 1, 1.25 and 1.5 mm. Next, calculations of the bubble dynamics near the only two of one boundary were conducted. In case 2 (case 3), £ R (£ F ) was changed while the ratio between R max and the distance between the bubble center and lateral and up (down) boundary was kept more than 10, as shown in Fig. 1(b)(c) . The calculation domain for bubble collapse near both the free surface and the rigid boundary is shown in Fig. 1(d) (case 4 and 5). In these cases, £ F and R max were changed, while £ R was fixed, £ R = 0.1. In case 5, ® and μ of liquids were varied, using the same calculation domain as case 4. The parametric range and material properties for overall calculations are listed in Table 1 . The pressure inside the bubble is set to a vacuum, therefore the collapse phase begin because of the high pressure of surrounding water. Figure 2 shows the bubble shape history in water with the initial bubble radius of 1.5 mm (case 1), it shows that the bubble keeps almost sphericity form during a collapse process, and the deviation from sphericity due to the buoyancy did not appear in a process. It seems that the effect of the buoyancy is neglected in a rapidly progressive process. Figure 3 shows relation between T c and R max , where the solid line is the prediction of the Rayleigh model. The results show that the bubble collapse time is proportional to the initial bubble radius size, and are relatively good agreement with the Rayleigh model. These results validate the accuracy and adaptability of the MPS model toward the vacuum babble collapse process.
Results and Discussion

Validation of the model
In the cases 2 and 3, calculations of the bubble dynamics near the free surface or the rigid boundary were performed, and the prolongation or the shortening of the collapse time measured. Figure 4 presents the variation of » p with £ R . The calculations were made by changing £ R while other parameters are fixed, R max = 1 mm, £ F = 10. The solid line represents the » p estimated from the modified Rayleigh model (eq. (2)). When £ R > 2, » p is almost unity, after that when 0 < £ R < 2 prolongation of the bubble collapse time due to the rigid boundary appear, however » p from the MPS model is smaller than the results of the experiment. Figure 5 shows » s vs. £ F in the case of bubble radius of 1 mm, £ R = 10. The smallest » s is 0.82, after that » s is increasing with increasing £ F , when £ F > 5, » s approach to 1. The results agree well with both the Rayleigh model (eq. (3)) and the experimental results overall range, although the value is slightly bigger than the other results. The results show that the MPS model can predict the » s with relatively good accuracy.
The reason why the MPS method underestimated » p as shown in Fig. 4 is explained as follows. The MPS model updates the particle position in a manner similar to SMAC (simplified marker and cell) method, and during position update process, some errors are observed. Errors are obvious, especially at the vicinity of the rigid boundary, and cause the disturbance of the pressure field. The sudden increase of the pressure would shorten the bubble collapse time, as a result the prolongation of the collapse time is underestimated. To control this problem, many methods were proposed such as, CMPS method, 16) improvement of the generation term in Poisson equation, however the problem still remains. In the case of » s , the air particles are installed near the free surface, therefore this problem was avoided, and » s was calculated correctly as shown in Fig. 5 . In following calculations, £ R was kept constant, while £ F , R max , ® and μ were changed to examine the effect of these parameters to the bubble collapse phase, therefore the calculation error caused by £ R is kept to be little. Figure 6 shows comparison of the bubble shape history during a collapse phase between the (a) £ F = 10 and (b) £ F = 2, with R max of 1.5 mm and £ R = 0.1 (case 4). In the case of £ F = 10, the bubble shape is nearly hemispherical all through a collapse phase. On the other hand, in the case of (3)). As seen in Fig. 2 , there is a deviation of T C from Rayleigh model. This deviation affect » s = T CF /T C , therefore » s vary depend on a radius. In addition, calculation conditions such as time step or particle size may affect the T CF , in the case of small radius, because the collapse phase is so rapid. When £ F > 6, the value of » s is around 1.02, after that » s is decreasing with decreasing £ F , smallest » s is obtained when £ F = 1.5 in each bubble radius. In this case, same tendency of case 3 ( Fig. 5) is denoted, although the » s in this case is bigger than that of case 3 due to the effect of the rigid boundary.
Bubble dynamics near a rigid boundary and a free surface
In a bubble collapse near the rigid boundary, the high velocity caused by bubble generates a high pressure and gives a serious damage to the material. During the bubble collapse phase, the bubble interface velocity increases with decreasing bubble size, and take a maximum value just before the disappearance of bubbles. Here the effect of R max and £ F on the max bubble interface velocity was investigated. In a calculation, the bubble interface velocity v is rewritten as a dimensionless form V ¼ v= ffiffiffiffiffiffiffiffiffiffi μ=p 0 p , where ffiffiffiffiffiffiffiffiffiffi μ=p 0 p is the average bubble interface velocity by Rayleigh. 5) Figure 8 shows variation of the dimensionless maximum bubble interface velocity V max during the collapse phase with R max of 0.75, 1.0, 1.25, and 1.5 mm with £ R = 0.1. Horizontal axis represents a change of the £ F . In all the cases of bubble radii, the maximum value of V max is obtained when £ F = 1.5, after that V max is decreasing with increasing £ F , when £ F > 4.0, £ F reach to a constant value. Figure 9 presents the variation of V max vs. R max with £ R = 0.1, £ F = 1.5, 2.0, 4.0 and 10.0. The results show V max is increasing with increasing bubble radius, regardless of £ F . Effect of the viscosity of liquid ® on the bubble interface velocity was also investigated. Figure 10 provide a bubble topology sequence obtained by MPS model, in a liquid with ® of 1410 mPa s which is correspond to the ® of glycerin 100% liquid with temperature of 20°C. The bubble shape is almost hemi-sphere at first, at the later stage vertical size of bubble become smaller than the horizontal size of the one. Figure 11 presents the variation of V max vs. ® with £ R = 0.1, £ F = 10 and bubble radii of 0.75, 1.0, 1.25, and 1.5 mm. When ® is 1 mPa s, in the case of pure water, V max get the largest value, regardless of the bubble size, after that V max is decreasing with increasing ®, when ® is 1410 mPa s, V max get a smallest value. The largest V max is around 1.4 times bigger than the smallest V max in all bubble radii. The cause of the high pressure induced by bubble collapse is thought to be a liquid jet or a shock wave generated when the bubbles are expanding. It seems that there is a difference between the results of the present study and the experiment due to the calculation condition for the present model. In the present study, all the calculation is carried out in 2D, and started when the bubble size is maximum, and pressure of the inside bubble is assumed to be vacuum. Therefore, the shock wave generated in the bubble rebound process does not appear. On the other hand, the calculation condition of this model is relatively close to the Rayleigh's theoretical model. Thus, the bubble collapse time obtained by the present model agrees well with the Rayleigh model. Furthermore, there is a problem related to the particle size, namely when the bubble size is smaller than the particle it is impossible to define the shape of the bubble. In a present study, since a particle size is enough small compared to the initial bubble size, this problem appears at the last stage of the collapse, although, it might affect to the bubble dynamics somewhat and cause a calculation error. The present model is meaningful as a first step of the simulation for the bubble dynamics near the rigid boundary and the free surface. In a future, calculation results similar to the real experiment will be obtained using the MPS model, by the addition of the pressure gradient of inside of bubbles and other conditions.
Besides, in a 3D flow simulation, calculation accuracy is expected to increase, and more precise impact velocity for the bubble collapse might be obtained with the model.
Conclusions
In this study, the single vacuum bubble collapse near the free surface and the rigid boundary has been investigated using the moving particle simulation method. To validate the applicability of this model to the bubble dynamics near the free surface or the rigid boundary, three case studies were conducted. The results indicated that the bubble collapse time obtained by the present model well agree with the prediction of Rayleigh's theoretical model. The prolongation and the shortening of the bubble collapse time due to the effect of the boundary were also investigated. » s obtained by the MPS model showed same tendency to the Rayleigh's model and the experimental results, although there was a difference between » p from the MPS model and the other methods. Furthermore, the bubble collapse simulations near both the rigid boundary and the free surface were performed under the condition of £ R = 0.1, and the variations of the maximum bubble interface velocity V max with the parameters such as £ F , £ R , R max were also measured. Consequently, the maximum V max obtained when £ F and ® is minimum, and R max is maximum. 
